The ascomycete Hypocrea jecorina (anamorph Trichoderma reesei) is a biotechnologically important fungus which is used for the production of cellulolytic and hemicellulolytic enzymes (8, 20, 21) and also has potential for the production of heterologous proteins driven by some of the cellulase promoters. Therefore, the regulation of cellulase gene transcription has been investigated in some detail for two cellulase genes (cbh1 and cbh2), and the involvement of at least three transcriptional activators (Ace1 [49] , Ace2 [2] , and the Hap2/3/5 complex [62] ) and one repressor (Cre1) (29, 30) has been documented. However, the pathway signaling the presence of cellulose or cellulose-derived inducers has so far not been elucidated.
To identify genes potentially involved in this signaling process, we previously applied a rapid subtraction hybridization (RaSH) approach to study mRNAs induced for cellulase formation in the wild-type strain H. jecorina QM9414 and a mutant strain, H. jecorina QM9978, which is defective in the induction of cellulase gene expression (51) . One of the genes identified thereby encoded a protein with high similarity to the Neurospora crassa light desensitization protein Vivid (see below), thus raising the question of the interrelationship between light and cellulase formation in H. jecorina. Light is known to stimulate asexual sporulation in Trichoderma viride, Trichoderma atroviride, and Trichoderma harzianum (7) but has not yet been reported to influence other metabolic or physiological activities in Trichoderma.
In N. crassa, a paradigm for light regulation processes and circadian rhythms (for a review, see reference 16), all of the known light-induced phenotypes are regulated by blue light (37) , and all blue-light-induced phenotypes can be blocked by mutations in one of the two regulators, i.e., white collar 1 (wc-1) (5), which is in turn regulated by protein kinase C (3, 19) , and white collar 2 (wc-2) (4; for an overview, see references 28 and 38). Recently, Schwerdtfeger et al. (55) showed that N. crassa has a dual light perception system that, besides white collar 1 and 2, also comprises the small PAS/LOV domain protein Vivid (25, 53) , which is a member of the LOV domain subfamily of PER, ARNT, and SIM (PAS) domain proteins mediating both ligand binding and protein-protein interactions (59) . Like many other PAS/LOV domains, Vivid is capable of binding a flavin chromophore (13, 55) . It is localized in the cytoplasm and influences the transient phosphorylation of WC-1 (25, 53, 54) .
For this study, we have cloned and functionally characterized the above-mentioned H. jecorina gene encoding a protein with a PAS/LOV domain which shows moderate similarity to Vivid. The objectives of this study were (i) to learn whether this gene is indeed also involved in a light response of H. jecorina, (ii) to learn how H. jecorina generally responds to light, and (iii) to learn whether this gene and light are indeed involved in cellulase gene expression by H. jecorina.
MATERIALS AND METHODS
Microbial strains and culture conditions. H. jecorina (T. reesei) wild-type strain QM9414 (ATCC 26921) and the cellulase-negative mutant QM9978 (ob-tained from K. O' Donnell, U.S. Department of Agriculture, Peoria, IL) were used throughout this study. They were kept on malt agar and subcultured monthly. For Northern analysis, H. jecorina was grown in liquid culture in 1-liter Erlenmeyer flasks on a rotary shaker (250 rpm) at 28°C in 250 ml of MandelsAndreotti minimal medium (41) supplemented with 0.1% peptone to induce germination and with a 1% (wt/vol) carbon source, using 10 8 conidia/liter (final concentration) as the inoculum.
Analyses of growth on plates and in Race tubes (43, 48) were carried out on 3% malt extract agar in daylight (light-dark [LD], 12-h-12-h cycles) or constant darkness.
N. crassa strain 74OR23-1A (FGSC 987) and the mutant strain vvd
SS692
(FGSC 7852) were used for complementation studies. Vogel's minimal medium supplemented with 2% sucrose (14) was used for all Neurospora experiments. After 48 h of growth in darkness at 28°C, the mycelia were exposed to a 10-min light pulse of 25 mol photons m Ϫ2 s Ϫ1 , grown for an additional 60 min in the dark, and harvested after a second 10-min light pulse (54) .
Escherichia coli JM109 (61) was used for the propagation of vector molecules and DNA manipulations. E. coli ER1647 (Novagen, Madison, Wis.) was used for plating, titrating, and screening the BlueStar gene library. E. coli strain BM25.8 (Novagen) is lysogenic for phage and was used for automatic subcloning. Strains ER1647 and BM25.8 were grown at 37°C in Luria broth supplemented with 0.2% (wt/vol) maltose and 10 mM MgSO 4 for the propagation of phage.
Analysis of biomass production in the presence of cellulose. Mycelia were harvested after 96 h of growth in constant light or constant darkness on MandelsAndreotti minimal medium (36) supplemented with 1% microcrystalline cellulose and were pelleted by centrifugation for 10 min at 14,000 ϫ g. After the addition of 0.1 M NaOH, sonification for 3 min, incubation at room temperature for 3 h, and centrifugation, the protein content of the supernatant was measured by the Bradford method. Cultivations were done in triplicate.
Nucleic acid isolation and hybridization. Strains were grown under the conditions specified in the legends in light (25 mol photons m Ϫ2 s Ϫ1 ; 1,800 lx) or in constant darkness. Fungal mycelia were harvested by filtration, washed with tap water, frozen, and ground in liquid nitrogen. In cases of cultures grown in the dark, harvesting was done under a red safety light. Chromosomal DNA and total RNA were isolated and hybridized as described previously (51) . Standard methods (50) were used for electrophoresis, blotting, and hybridization of nucleic acids. Densitometric scanning of autoradiograms was done using a Bio-Rad GS-800 calibrated densitometer for two independent cultivations and two expositions each. Measurements were normalized to 18S rRNA signals.
Screening of a chromosomal library of Hypocrea jecorina QM9414. The isolation of chromosomal clones from a BlueStar chromosomal library of Hypocrea jecorina QM9414 was performed according to the manufacturer's protocol (BlueStar vector system; Novagen Inc., Madison, Wis.).
5 and 3 RACE. For 5Ј rapid amplification of cDNA ends (5Ј RACE), firststrand synthesis was performed with 3 g total RNA, using a reverse transcription system (Promega, Madison, Wis.) at 42°C for 1 h according to the manufacturer's instructions, with a gene-specific primer (ENV1AR [5Ј GAAGTGAT GTCCGGAAGGATC 3Ј]). Single-stranded RNAs were digested with RNase A (Sigma-Aldrich, St. Louis, Missouri), and afterwards the reaction mixture was purified using a QIAquick PCR cleanup kit (QIAGEN, Hilden, Germany). The DNA-RNA hybrid fragments were ligated into EcoRV-digested pBluescript, and PCR was performed with one nested gene-specific primer (ENV1BR21 [5Ј GG GAAGTATGGTAACAACG 3Ј]) and one primer specific for pBluescript (Stratagene, La Jolla, CA), using Q-Taq and Q-Solution (QIAGEN). As a control, chromosomal DNA was used to rule out that contamination of chromosomal DNA in the RNA preparations resulted in false-positive results.
For 3Ј RACE, first-strand synthesis was performed using a reverse transcription system (Promega) at 42°C for 1 h according to the manufacturer's protocol, with the primer RACE-N [5Ј GCGTAATACGACTCACTATAGGGCGAATT GGGTTTTTTTTTTTTTTTTT(AGC) 3Ј]. The reaction mixture was cleaned up using a QIAquick PCR cleanup kit (QIAGEN). PCR and nested PCR were performed according to standard protocols, using gene-specific primers and the primers RACE-N22 (5Ј GCGTAATACGACTCACTATAGG 3Ј) and RASH18PB (5Ј ACTATAGGGCGAATTGGG 3Ј), respectively.
Phylogenetic analysis. Amino acid sequences were aligned with Clustal X 1.81 (60) and then visually adjusted. Phylogenetic analyses were performed in MEGA 2.1, using the minimum evolution (ME) approach. The reliability of nodes was estimated by minimum evolution bootstrap percentages (18) obtained after 500 pseudoreplications.
Transformation of N. crassa. For complementation of the nonfunctional vvd mutant vvd SS692 , the XhoI site within pBSXH (see below) was used for blunt-end ligation of a 4,244-bp Csp45I/DraI fragment spanning the whole cDNA and flanking sequences of the envoy gene into the vector after Klenow fill-in and dephosphorylation of both the fragment and the vector using calf intestinal alkaline phosphatase (Promega), resulting in the complementation vector pENVHPH. The transformation of N. crassa conidia with pENVHPH was done as described previously (22) . Transformants were made homokaryotic (17) , and recombinants were identified by PCR.
Construction of H. jecorina env1 PAS؊ strain and retransformation of this strain with the env1 wild-type gene. To construct an env1 PASϪ strain of H.
jecorina, part of the env1 coding region containing the PAS domain was deleted ( Fig. 1 ). To this end, the pki1 p ::hph::cbh2 t hygromycin resistance cassette present in pRLM EX 30 (39) was released as an XhoI-HindIII fragment and cloned into the XhoI-HindIII sites of pBluescript SK(ϩ) (Stratagene) to create pBSXH. A 1,077-bp fragment of the 5Ј flanking sequence was PCR amplified using primers ENVDEL5F (5Ј-ATGGTACCGATGATGTCCAGCCTTC-3Ј and ENVDEL5R (5Ј-ATCTCGAGTCGTAACTAGGCATAGAACTG-3Ј), digested with Acc65I and XhoI, and cloned into the Acc65I-XhoI sites of pBSXH. For the 3Ј flanking sequence, a 1,005-bp fragment was amplified using primers ENVDEL3F (5Ј-AAC CCGGGATAGATGCTAGGCGTACC-3Ј) and ENVDEL3R (5Ј-ACGGATCCG AGAAGATTGCATTCATTA-3Ј), digested with BamHI and SmaI, and cloned into the EcoRV-BamHI sites of pBSXH, which already contained the 5Ј flanking sequence of env1, to obtain pDELENV. The deletion cassette was released from pDELENV by restriction digestion with Acc65I-BamHI, and 10 g of the linear fragment was used for the transformation of protoplasts of the wild-type strain QM9414 as described previously (24) . Transformants were selected on plates containing 50 g/ml hygromycin B (Calbiochem, San Diego, California (31) for identifying factors not induced by cellulose in a non-cellulase-inducible mutant strain. Thereby, three cDNA clones (cfa25C, cfa4B, and cfa90D) were isolated, which represented different fragments of the same gene. To obtain a full-length chromosomal clone, primers derived from cfa4B and cfa25C were designed and used to amplify a 496-bp PCR fragment, which was used as a probe for screening of a BlueStar chromosomal library of H. jecorina QM9414. One positive clone was selected, and 4.5 kb of the clone was sequenced by primer walking. Because of its potential role in cellulose signaling, the gene was named envoy (env1; GenBank accession number AY551084) to indicate its potential function as a messenger.
RACE and reverse transcription-PCR analyses revealed two transcription start points, downstream of which two in-frame ATGs separated by 18 nucleotides are located. These two possible start codons would give rise to polypeptides of 207 and 201 amino acids (aa), with predicted molecular masses of 22.5 and 21.8 kDa and pIs of 5.83 and 5.50, respectively. An inframe stop codon was also detected upstream of the two ATGs, indicating that RACE amplified the full-length cDNA (33) .
The env1 gene is located on scaffold 30 in the Trichoderma reesei draft genome database v1.0 (http://gsphere.lanl.gov /trire1/trire1.home.html) and flanked by two as yet uncharacterized hypothetical proteins (Fig. 1 ). Both are putative DNA repair proteins, one of them comprising an MMS21 domain (COG5627) and a U box (smart00504) and one being a putative formamidopyrimidine-DNA glycosylase (H2TH domain; pfam06831; NCBI CCD search) (42) .
The coding region of env1 is interrupted by two introns, of 80 and 89 bp, which were confirmed by sequencing of the respective cDNAs. Screening the sequence databases for the most similar proteins identified several hypothetical proteins from other filamentous fungi which display high degrees of similarity, for example, FG08456.1 (46% identity, 63% similarity, Gibberella zeae PH-1; accession number XP_388632), MG01041.4 (40% identity, 63% similarity, Magnaporthe grisea 70-15; accession number EAA49383), and AN3435.2 (46% identity, 62% similarity, Aspergillus nidulans FGSC A4; accession number EAA62912). The only characterized protein with significant similarity to Envoy was N. crassa Vivid (25) . Envoy contains a PAS (Per, Arnt, and Sim) (59) and a LOV (light, oxygen, or voltage) domain (12, 13) and displays 38% identity and 57% similarity to Vivid over the whole aa sequence, but no significant similarity on the DNA level. Consistent with this, residues supposed to bind FMN and the conserved surface salt bridge (13) in N. crassa Vivid are also present in Envoy ( Fig.  2A) . In order to prove the presence of a flavin cofactor, we expressed env1 in E. coli as a glutathione S-transferase fusion protein, purified it, and scanned its absorbance between 300 and 500 nm. Interestingly, we did not detect any pigment that copurified with this protein during the purification procedure, and no absorbance maximum around 450 nm was detected (data not shown).
Envoy and Vivid are members of a phylogenetic sister clade to the WC-1 photoreceptor proteins. In view of the fact that env1 did not complement an N. crassa vvd mutant, we were interested in whether Envoy and Vivid are orthologues at all. To investigate this, we performed a minimum evolution analysis of the aa sequences of the PAS domains of Envoy, Vivid, and some other proteins of high similarity identified in the genome sequences of G. zeae, A. nidulans, and M. grisea (the best NCBI BLASTx hits for the respective organisms were chosen; GenBank accession numbers for these proteins and those mentioned below are given in the legend to Fig. 2A ). In addition, the PAS domains of proteins from these five fungi which share similarity to Neurospora crassa WC-1 and WC-2 were also included in the analysis. The results show that WC-1/Vivid/Envoy orthologues and WC-2 orthologues form two strongly supported clusters wherein the WC-1 orthologues form a well-supported terminal clade, indicating that WC-1 and Vivid/Envoy arose from a common ancestor after splitting from WC-2 (Fig. 2B) . However, in contrast to the clades containing WC-1 and WC-2 orthologues, the branch leading to the clade containing Vivid, Envoy, and their putative orthologues, and also the branches therein, received only poor bootstrap support, indicating that the proteins in this clade may have been subject to different evolutionary pressure.
envoy is unable to complement an N. crassa vvd SS692 mutant. Because of the considerable similarity between H. jecorina env1 and N. crassa vvd, we reasoned that env1 could be an orthologue of vvd. We therefore examined whether env1 could compensate for a loss of function of vvd. To this end, we used the env1 structural gene, including its own promoter, and transformed it into N. crassa vvd SS692 , which represents a null phenotype of vvd (25) . However, transformants which had stably integrated the construct into the N. crassa chromosome showed no regain of the pale orange wild-type phenotype indicative of compensation for the lost vvd function by env1. To analyze this in more detail, we examined the transcription of the albino-1 (al-1) gene of N. crassa, which encodes a phytoene desaturase required for carotenogenesis and is strongly regulated by light (36) . The experiment was based on the rationale that al-1 expression of Neurospora after a first light pulse is almost completely insensitive to a second light pulse, and incubation in the dark for 2 h is required to restore maximum competence for a new light response (3, 40, 53) . In contrast, the mutant strain vvd SS692 already shows expression of al-1 after a second light pulse after 1 h of incubation in the dark (53) . When env1 ϩ transformants of N. crassa were subjected to two such subsequent light pulses with 1 h of darkness in between, they showed the anticipated increase in abundance of the env1 transcript (Fig. 3A) , similar to that seen with vvd in the wild-type strain (25, 53) . Hence, the UAR element(s) in the env1 promoter is recognized by N. crassa during light induction under similar conditions as those inducing vvd. However, after the second light pulse, the env1 ϩ transformant essentially behaved like the vvd SS692 mutant (Fig. 3A) which could therefore be involved in the light response. This assumption is further supported by a concordant decrease of the GC content around both motifs in both promoters ( Fig. 3B ; the position of EUM2 is given for both promoters). Interestingly, a perfect consensus of the hexanucleotide of EUM1 was also found in the promoters of the two H. jecorina cellulase genes, cbh1 (Ϫ37, in reverse orientation) and cbh2 (Ϫ159), and the H. jecorina light regulator homologues blr1 (Ϫ375) and blr2 (Ϫ887, Ϫ553, and Ϫ772, in reverse orientation), suggesting that all of these genes may be under (partial) coregulation. Env1 is essential for normal growth of H. jecorina in the presence of light. The finding that env1 cannot complement N. crassa vvd does not rule out that it may nevertheless be involved in a light response of H. jecorina. Since the effect of light on the growth of H. jecorina is essentially unknown, we first tested this hypothesis. To this end, the Race tube system, which is frequently used with N. crassa, was adapted for use with H. jecorina (Fig. 4A ). An analysis of the extension rate of the wild-type strain over 14 days in Race tubes in cycles of daylight and darkness (LD, 12-h-12-h cycles) and in constant darkness revealed a light-dependent sporulation banding pattern (Fig.  4B ) and a reduced extension rate in daylight (Fig. 4C) . Consistent with this result, an analysis of growth on microcrystalline cellulose in shake flask cultures also resulted in a 20% lower biomass density in the presence of light.
In order to learn whether env1 would be involved in this effect, we prepared an env1 mutant strain in which the PAS domain was replaced by the pki1 p ::hph::cbh2 t marker cassette (Fig. 1) and analyzed whether such a mutant would show an altered response to light. Transformants which consequently lacked the native env1 gene were screened by Southern analysis and PCR, and one, env41E, was chosen for further investigations and named env1 PASϪ . The growth of env1 PASϪ on plates in constant darkness was indistinguishable from that of the wild type (Fig. 4B) , but it grew much slower in daylight, forming only a faint mycelium, and sporulated poorly. Essentially consistent data were obtained using Race tubes. H. jecorina env1 PASϪ grew at the same rate as the parent strain QM9414 in constant darkness but showed a reduced and continuously decreasing extension rate in the presence of light until growth stopped completely after 10 days (Fig. 4A and C) , while the wild-type stain continued growing at a constant extension rate (shown in Fig. 4A for three more days). Retransformation of env1 PASϪ with the wild-type env1 gene fully restored the wildtype phenotype (Fig. 4D ). We concluded that in H. jecorina, a loss of function of env1 results in an inhibition of growth by light.
Light stimulates transcription of env1. In order to learn whether the expression of env1 itself responds to light, we quantified the abundance of the env1 transcript during a shift of cultures of the wild-type strain QM9414 and the mutant strain env1
PASϪ from constant darkness to constant light (1,800 lx; 25 mol photons m Ϫ2 s Ϫ1 ) on glucose and glycerol (Fig. 5 ). This experiment provided clear evidence that the transcription of env1 is stimulated by light, with its transcript being virtually undetectable during cultivation in the darkness. In addition, some characteristic fluctuations in the abundance of the env1 transcript were apparent, which also occurred in subsequent separate experiments. Interestingly, the env1 PASϪ mutant strain accumulated the truncated transcript in a different manner from that of the wild-type strains: glucose-grown cultures displayed a more pronounced oscillating increase in env1 mRNA abundance over time than did the wild type, whereas glycerol-grown cultures showed a broad, delayed peak of env1 mRNA accumulation after illumination, which slowly declined.
We also studied the accumulation of the env1 transcript during growth on the cellulase-inducing carbon sources cellulose and lactose ( Fig. 6A and B) . In the wild-type strain, env1 mRNA accumulation was only detectable for growth in constant light (cellulose) or after illumination (lactose). Interestingly, this regulation of env1 transcription was altered in the env1 PASϪ mutant grown on cellulose, as the truncated env1 transcript could only be detected after 48 h in the presence of light (Fig. 6A) .
Cellulose degradation and cellulase gene expression are stimulated in H. jecorina by light. The results described above suggest a role of env1 in light sensing by H. jecorina, consistent SS692 , and in vvd SS692 mutant strains complemented with the original env1 gene, including its promoter and terminator, indicated by NCvenv1 ϩ 1 and NCvenv1 ϩ 2. After being precultured in the dark, the cultures were illuminated for 10 min, incubated in the dark for 1 h, and again subjected to a light pulse of 10 min. For controls, the cultivations were done in constant darkness. Twenty micrograms of RNA was loaded per lane, and hybridizations were performed with a 0.5-kb fragment of env1 spanning the region containing the PAS domain and with a 0.7-kb PCR fragment of al-1 from Neurospora crassa. Hybridization with an 18S rRNA probe is shown as a control. (B) Analysis of GC content within the promoter regions of env1 and vvd. One thousand nucleotides of the regions upstream of the respective start codon were screened, and the areas of low GC content were searched for shared motifs. Approximate positions of the identified shared UAS motif (5Ј ACCTTGAC 3Ј; EUM2) in env1 and vvd are given schematically.
with its amino acid similarity to vvd. However, since env1 was cloned because of its lack of expression in a cellulase-negative mutant strain, we also surmised a role of env1 in cellulase induction. Consequently, we first investigated whether cellulase formation by H. jecorina would be light sensitive. To this end, the accumulation of the transcript of the major cellulase gene cbh1 (encoding cellobiohydrolase I) was studied in the wild-type strain QM9414 and the env1 PASϪ mutant during growth on microcrystalline cellulose in constant darkness and under constant illumination. Figure 6A shows that illumination resulted in a steady accumulation of cbh1 mRNA over 96 h of growth, which was significantly delayed in the env1 PASϪ mutant and only detectable at 96 h. In the wild type, cbh1 transcript accumulation was decreased to approximately 50% in the dark (Fig. 6C ) and declined after 72 h, and the mRNA for cbh1 was virtually absent at 96 h. This is due to the fact that in constant   FIG. 4 . Growth and sporulation of Hypocrea jecorina QM9414 are influenced by light, and the light response is altered in the env1 PASϪ mutant. (A) QM9414 shows characteristic "banding" upon growth in daylight (LD, 12-h-12-h cycles; 25°C; malt extract medium). In contrast, the env1 PASϪ mutant exhibited only poor growth and a faint mycelium with a decreasing extension rate and completely stopped growing after 10 days, while the wild-type strain QM9414 grew constantly (as shown for three more days). The defect of the non-cellulaseinducible strain QM9978 seems to impact not only cellulase formation but also growth characteristics in daylight, as its extension rate is slightly higher and the banding pattern observed in the wild type is not detectable. (B) Growth and sporulation of env1 PASϪ are unaltered in constant darkness. In daylight (LD, 12-h-12-h cycles; 25°C; malt extract medium), env1
PASϪ shows secretion of a yellow pigment into the medium. (C) The wild-type strain QM9414 grows significantly slower in daylight than in constant darkness. While growing at approximately the same rate in constant darkness, env1 PASϪ exhibits a decreasing extension rate in daylight (measurements were taken from Race tubes, as described in the text). (D) Retransformation of env1 PASϪ with an XbaI fragment comprising the wild-type env1 gene, resulting in strain env1RE, reconstitutes the phenotype of the wild-type strain QM9414. ). The Northern data resulted from two sets of separate experiments which revealed complementary and consistent results. An ␣-32 Prandom-labeled PCR fragment spanning the region from the second transcription start point to the start of the region deleted in env1 PASϪ was used as a probe, and 20 g of total RNA was loaded per lane. The results were quantified, and the amount of light-induced transcription of env1 in the specified strain was normalized to the 18S rRNA control hybridization. Graphs below the Northern blots show transcription levels above the background.
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on February 21, 2013 by PENN STATE UNIV http://ec.asm.org/ darkness H. jecorina had already terminated growth and started to autolyze at 96 h. On the other hand, the mutant strain env1 PASϪ accumulated a high level of cbh1 mRNA after 48 h in constant darkness, but no transcript was detected afterwards at 72 and 96 h.
An analysis of cbh1 transcription was also performed with the soluble cellulase inducer lactose. When cultures of the wild-type strain, pregrown on lactose for 25 h in the dark, were subjected to illumination, cbh1 gene transcription occurred, whereas this transcription was blocked in the env1 PASϪ mutant and the non-cellulase-inducible mutant QM9978 (Fig. 6B) .
The stimulatory effect of light was still dependent on the presence of an inducer, as demonstrated by the lack of accumulation of the cbh1 transcript during growth on glucose or glycerol after illumination. Also, upon growth with glycerol for 24 h in constant light, no cbh1 transcript was detected (data not shown).
Env1 is not expressed in the cellulase-negative mutant H. jecorina QM9978. Consistent with the isolation of env1 by the RaSH approach, env1 is not transcribed in the cellulase-negative mutant strain QM9978, either under illumination or in the dark, independent of the carbon source (Fig. 5 and 6A and B) . ), indicated by LL, after 48, 72, and 96 h than in constant darkness (DD). For Northern blotting, 20 g of total RNA was loaded per lane, and a 1.2-kb ␣-32 P-radiolabeled PCR fragment of cbh1 was used as a probe. (B) Analysis of env1 light response and cbh1 transcription on lactose. Mycelia were precultured for 25 h in Mandels-Andreotti minimal medium with 1% (wt/vol) lactose as the carbon source, and then the cultures were exposed to light and harvested after the indicated times. Twenty micrograms of total RNA was loaded per lane, and a 1.2-kb ␣-32 P-radiolabeled PCR fragment of cbh1 was used as a probe. (C) Quantitative analysis of cbh1 signal strength in the wild-type strain QM9414. The transcription of cbh1 after 48 or 72 h on microcrystalline cellulose is decreased roughly 50% in constant light compared to that in constant darkness. While transcription increases further from 72 to 96 h in constant light, autolysis starts in constant darkness, as indicated by sporulation and foaming of the culture and consequently a poor quality of total RNA. Measurements were combined from two independent cultivations; densitometric analysis was done for two expositions of the respective blots.
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Interestingly, an analysis of the env1 promoter in the noncellulase-inducible strain QM9978 revealed that EUM1 exhibits a point mutation in this strain, with a change from 5Ј CTGTGC 3Ј to 5Ј CTGTAC 3Ј. In order to test whether this mutation might impair the transcription of env1, we transformed the mutant strain with the entire wild-type env1 gene, including Ͼ1 kb of its 5Ј upstream sequences. One positive transformant, QM9978env1ϩ8A, was selected. It was grown for 24 h in constant darkness on glycerol and then exposed for 30 min to light. However, no env1 transcript was detected under these conditions in QM9978env1ϩ8A (data not shown), while the wild-type strain showed a strong increase in transcription of env1. In addition, this strain did not show the characteristic banding pattern of the wild-type strain QM9414 upon growth in daylight (Fig. 4B) , and plate assays for examinations of cellulase formation revealed that this strain still did not express cellulases (data not shown). Therefore, the abovementioned mutation is not the reason for the lack of env1 expression or cellulase inducibility; nevertheless, the defect of the mutant strain QM9978 in expressing cellulases and env1 is probably due to an impairment of the same, superior regulatory circuit.
DISCUSSION
In this paper, we have functionally characterized a gene (env1) which was cloned due to the fact that it is expressed under conditions of cellulase induction in H. jecorina and not expressed in a non-cellulase-inducible mutant (51) . This gene encodes a small member of the PAS/LOV domain protein family. PAS/LOV domain proteins belong to the PAS superfamily, a class of sensory proteins named after Drosophila period (PER), vertebrate aryl hydrocarbon receptor nuclear translocator (ARNT), and Drosophila single-minded (47, 63) . In addition to their sensory functions, PAS domains have been reported to mediate protein-protein interactions (59) and to bind various cofactors depending on their functional properties (12) . So far, only one member of the family of small PAS/LOV domain proteins, the light response modulator Vivid of N. crassa, which is involved in photoadaptation and desensitization (25, 53, 55) , has been described for eukaryotes. Because of the similarity between H. jecorina env1 and N. crassa vvd, we examined whether env1 would fulfill similar functions in H. jecorina as vvd does in N. crassa. However, env1, despite being efficiently transcribed under its own promoter in N. crassa, failed to complement the respective N. crassa mutant strain, indicating that Vivid may, at least in part, require different proteins for interaction than those required by Envoy. Moreover, nonfunctional vvd mutants do not show the lightsensitive phenotype observed with env1 (see below). Also, the recombinant Envoy protein, in contrast to the situation with Vivid (55), does not contain its cofactor, and the poorly resolved phylogenetic clades containing Envoy and Vivid all indicate differences between the two proteins which may eventually be of physiological significance. We concluded from all these findings that vvd and env1 are both involved in the regulation of light-dependent processes but may respond to different physiological stimuli which are typical for the different physiologies and habitats of these two fungi. Whereas N. crassa, with its heat-activated germination, is a rapid primary colonizer of newly available habitats arisen by, e.g., forest ignition, and shows abundant growth on the surface of its habitat (46) , H. jecorina is a necrotrophic fungus which penetrates into the substrate and emerges to the surface only to sporulate (32) . This difference is also reflected in the fact that vvd regulates carotenoid formation in response to different light conditions, whereas such a regulation is lacking in H. jecorina, which remains colorless (i.e., does not produce carotenoids or other pigments) when transferred to light. Similar to N. crassa vvd, and consistent with its function in the light response, env1 also responds to the presence of light by a strong accumulation of its transcript. Interestingly, the kinetics of this accumulation differ with glucose and glycerol as carbon sources, and this effect was even more pronounced with the env1 PASϪ mutant (which produces a truncated transcript), thereby pointing toward an autoregulatory feedback loop which depends on the presence of the PAS domain. In this study, it became evident that the env1 transcript accumulates in an oscillating way upon a switch from constant darkness to constant light. Such oscillations typically arise from an interference in the half-time of mRNA decay and from the resulting time gap between transcription and translation, as shown for the zebra fish somitogenesis oscillator (35) . These findings suggest that Envoy might be subject to a complex (auto)regulatory circuit, which warrants further detailed investigations.
In fungi, light is primarily known to influence sexual and asexual morphogenesis and sporulation (10, 11) , but there are also reports about its influence on glucose uptake and metabolism (26, 27, 52) . While this paper was in preparation, light was reported to inhibit the growth of N. crassa, Tuber borchii, and Trichoderma atroviride (1, 9) . These findings are consistent with the presented evidence for a reduced growth rate of H. jecorina in the presence of light. The fact that N. crassa is also light sensitive is interesting, because the carotenoid pigment which it produces upon illumination is assumed to protect it from high light intensities (56) . In T. atroviride, the inhibition by light was even stronger for a mutant with a mutation in the photoreceptor BLR-1, which is an orthologue of N. crassa WC-1 (9). This finding is consistent with the results from this study showing that light inhibition of H. jecorina is more severe in the H. jecorina env1 PASϪ mutant, thus indicating that photoreception and its modulation partially protect Hypocrea from the damaging effects of light. It is tempting to speculate that this is due to the regulation of induction of DNA photolyase, which has been shown to be up-regulated by light in T. atroviride (6) . This light-dependent regulation could be fulfilled by the WC-1 and WC-2 orthologues BLR-1 and BLR-2 and by Envoy in Hypocrea jecorina.
The identification of env1 as a gene modulating cellulase gene expression in H. jecorina enabled us to detect that cellulase gene expression in this fungus is strongly influenced by light. Apart from the few reports mentioned above on the regulation of glucose uptake and metabolism by light, there is little known about the potential influence of light on nutrient assimilation in fungi. Here we showed that cellulase gene expression in H. jecorina is enhanced by light and that env1 is involved in the light-dependent regulation of cbh1 transcription. We have previously reported that cellulases are expressed on the conidia of H. jecorina (34) , which is intriguing with respect to the fact that light stimulates conidiation in some VOL. 4, 2005 LIGHT DEPENDENCE OF CELLULASE EXPRESSION 2005 Trichoderma spp., such as T. atroviride (23) and T. virens (44) , and in H. jecorina (our unpublished data). Moreover, the H. jecorina cbh2 (encoding cellobiohydrolase II) promoter is able to trigger the expression of a bacterial reporter gene and to direct it to the conidial surface (57) , demonstrating that the cbh2 promoter contains upstream acting sequences which respond to the signals triggering conidiation, including light. The influence of light on cellulase gene expression may therefore be derived from its coregulation with conidiation. It must be noted, however, that light alone is not sufficient to trigger cbh1 gene expression, because no cellulase transcript accumulated after exposure of mycelia to light in the absence of an inducer (data not shown). Also, light is not essential for cellulase gene expression, but only accelerates the rate of transcript accumulation ( Fig. 6A and C) , and therefore is only a gradual influence. The fact that light stimulates cellulase gene expression raises the question of whether known light-dependent transcription factors may be involved. Indeed, binding sites for fungal GATA factors such as BLR-1 and BLR-2 are present in the promoters of cbh1 (positions Ϫ182, Ϫ188, Ϫ258, and Ϫ890), cbh2 (Ϫ714, in reverse orientation, and Ϫ838), and env1 (Ϫ417, in reverse orientation, and Ϫ753), which indicates that the regulation of cellulase expression as well as that of env1 could be driven by binding of the white collar complex to these promoters. However, we also identified two protein binding motifs, EUM1 and EUM2, in the promoters of env1/vvd, blr1, blr2, and the cellulase gene cbh1. The significance of these motifs with respect to cellulase gene expression and the light response warrants further investigation.
While the effect of light on cellulase formation in the wildtype strain is clearly shown and straightforward to interpret, the role of env1 in light-induced stimulation of cbh1 gene expression is apparently more complex. In the presence of light, the mutant strain env1 PASϪ shows a strongly retarded induction of cbh1, revealing that env1 and light both contribute significantly to the rate of cellulase gene expression. However, in constant darkness, the cbh1 transcript is seen during the early phase of cellulase induction. Thus, while contributing to the stimulation of cellulase induction upon illumination, Envoy apparently is also directly or indirectly responsible for maintenance of cbh1 gene expression in the darkness, and the PAS/ LOV domain is required for this process. Crosson et al. (13) proposed a model that involves light-modulated changes in binding affinity between the LOV domain and its partner domain(s), in which the dynamic state of the LOV domain is the main determinant of its interactions with partner domains. Another PAS/LOV domain protein, the human Aryl hydrocarbon receptor AhR, binds several different ligands to regulate the expression of other genes in a ligand-dependent manner (15, 58) . Besides binding of FMN (which is not likely according to an analysis of the ENV1-GST fusion protein), as suggested by the structure of Envoy (Fig. 2B) , we assume a functionality comparable to that of AhR for Envoy by binding of several different ligands, thus responding to the presence of a certain carbon source in the medium.
The link between a universal and important physical environmental parameter such as light and the assimilation of a carbon compound such as cellulose suggests that cellulose degradation may play a major role in the physiology of this fungus.
This finding may be of potential importance for the performance of industrial cellulase production as well as the production of heterologous proteins fused under the control of cellulase promoters (45) . We also emphasize that the detection of an interconnection between light and cellulose assimilation may only be a first insight into a more global role of light on metabolism in Hypocrea and perhaps other fungi. Our data therefore place a general caveat on all previous investigations into this fungus, and eventually also on those with other fungi, where the condition of illumination has not been recorded or not been addressed. Differences in the results obtained by different research groups may eventually be due to differences in the illumination conditions during their investigations. The present study thus may trigger a search for light-dependent novel functions of several already characterized genes. In addition, our data offer the possibility of improving cellulase fermentations or recombinant protein production under the control of cellulase expression signals (45) by using illumination. While we have not yet optimized the conditions for maximal cellulase expression, a first enhancement in the rate of cellulase gene transcription was achieved by cultivation in constant light. It is thus conceivable that an optimized program of light pulses and darkness would further improve the process.
